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cDNA clones ffbr raft liver 5-amlnolevuliaate syn- 
thase have been isolated and used to examine mKNA 
levels in different rat tissues. Northern hybridisation 
analysis of total RNA from various rat tissues showed 
the presence of a single 5-onainolevnlinate synthase 
mRNA species of estimated length 2.3 kilobaoes. 
Primer extension and KNase mapping studies indi- 
cated that the mRNA Is identical in all tissues. Highest 
basal levels were seen in liver and heart. Administra- 
tion of hemin to rats reduced the basal level of this 
mRNA only in liver but the heme precursor, &-amino- 
levulinate (or its methyl ester), repressed the basal 
levels in liver, Mdney, heart, testis, and brain. The 
drug 2-al]yl-2-isopropylacetamicBa increased the 
mRNA level in liver and kidney only while human 
chorionic gonadotropin hormone elevated the level fin 
testis. Administration of the heme precursor o-amino- 
levulinate prevented these Inductions. Nuclear tran- 
scriptional run-off experiments in liver cell nuclei 
showed that 2-aUyl-2-icopropylacetamide and 6-ami* 
nolevullnate exert their effect by altering the rate of 
transcription of the 5-amlnolevulinate synthase gene. 
The results indicate that a single 6-aminolevulinate 
oynthase mRNA Is expressed in all tissues and that its 
transcription is negatively regulated by heme* 



5- Amin olevulinate synthase catalyzes the first step of the 
heme biosyntbetic pathway and in the liver at least is rate- 
limiting (reviewed in Rets. 1 and 2). The enzyme performs a 
housekeeping function since all animal cells synthesize their 
own heme for mitochondrial cytochromes and other cellular 
hemoproteins. The enzyme level is normally very low in 
anima l tissues but to greatly elevated in the liver of experi- 
mental animalB following administration of a wide variety of 
porphyrinogenic drugs ouch as AIA* and phenobarbital (3). 
This biochemical response mimics the acute porphyria dis- 
eases in man where hepatic 6-aminolevulinate synthase levels 

° This roooarch woo supported in part by a grant from the National 
Health and Medical Research Council of Australia and by a Com- 
monwealth Special Research Contra grant. The costs of publication 
of this article were defrayed in part by tho payment of page charges. 
This article must therefore be hereby marked "advsrtuzment" in 
cccordance with IB U.8.C. Section 1734 celery to indicate this fcet 
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SDS. oodium dodecyl oulfate; HCG, human chorionic gonadotropin 
hormone; RNaae, ribonuclease; ho, kUobase(e); bp, baoe pair(o). 



are elevated during clinical attacks. Drugs which precipitate 
such attach* induce 6-ammolevulinate synthase levels in ex- 
perimental n^imnlfl These same drugs also induce the syn- 
thesis of hepatic cytochrome P-450 proteins, which are in- 
volved in the conversion of foreign compounds to water- 
soluble derivatives. 

Granich (3) first demonstrated that the end product heme 
prevented the drug-induced increase in hepatic 6-aminolevu- 
linate synthase enzyme levels. Work in our laboratory and 
elsewhere (reviewed in Ref. 1) has suggested that heme acta 
by repressing the synthesis of B-aminolevuUnate synthase 
mRNA, but there has been no direct proof of this. Current 
evidence favors the hypothesis that the porphyrinogenic drugs 
act by inducing synthesis of cytochrome apoprotein 
which results in a reduction in the heme concentration, thus 
indirectly leading to an increase in o^ammolevulinate syn- 
thase mRNA levels (1). Erythroid 5-anunolevufinate synthase 
is not induced by porphyrinogenic drugB (2), and this finding 
has led to the proposal that erythroid and hepatic 6-amino- 
levulinate synthases are distinct enrymeo (4, 5). Indeed, it has 
been proposed that a multigene family exists for 6-aminolev- 
ulinate synthase with different mRNA species synthesized in 
different tissues (6). However, recent work suggests that 6- 
aminolevulinate synthase mRNA is the oame in the liver and 
erythroid spleen of mice (7). 

We are interested in determining at the molecular level 
how heme regulates the gene for 6-emmolevulinate synthase 
in liver and other tissues. cDNA (8, 9) and genomic clones 
(10) for chicken 6-aminolevulinate synthase have been iso- 
lated in this laboratory. In this communication we report the 
isolation of cDNA clones for rat liver 6-ammolevulinate syn- 
thase and provide strong evidence that the mRNA is identical 
in all rat tissues enamined We have established that drugs 
increase the level of 6-ammolevulinate synthase mRNA in a 
tissue-specific fashion and that heme represses levels of this 
mRNA in all tissues examined except erythroid spleen. Une- 
quivocal evidence has been obtained that the altered levels of 
hepatic 6-aminolevulinate synthase mRNA observed after 
drug or heme administration are duo to changes in the rate of 
transcription of the gene. 

EXPERIMENTAL PROCEDURES 

Materials— AIA was a generous gift from Roche, Australia. Hemin 
(ferriproioporpbyrin DC chloride) woo oupplied by Porphyrin Prod- 
ucto, Logan, UT. A chicken 0-actin cDNA clone in pBR322 (insart 
IS kb) woo provided by S. Dahon and o chicken oerum albumin 
cDNA clone in pBR322 (insert 2 kb) by A. H. Hobto. All other 
materials were purchased from courcoa previously cbacribed (9, U). 

Treatment of Animals— Male albino Wiotar rata (200 g body 
weight) were given injectiono of AIA (80 mg) oubcutaneoualy. 6- 
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aminolevulinic or its methyl ester {333 mg) via the mttaperitoneal 
cavity, or hemin (1.5 mg) vie the tail vein. For induction with ALA 
over 12 h, o eecond injection of A1A was given ot 7 h. 6-Axninolevu- 
linote or hemin woo given Immediately after AlA injection. Rata were 
treated with HCG over 48 h by repeated subcutaneous injections (20 
units) at 12, 24, and 36 h; 6-omuaolevulinete was edminiutarod at 36 
h and total mRNA icolated after a further 12 b. To obtain anemic 
rote, phenylhydraxine HC1 (1.5 mg) was injected oubcutnnoouoly on 
6 consecutive dayo and mRNA isolated on the aiztb day. Anemic rota 
were treated with 5-aminolevulinoto 12 h prior to death, 

For developmental otudieo, Sprague-Dawley rata were used. Fetal 
ogeo were oatimnted from the time of mating; moleo wore placed with 
females overnight and the following morning taken as day 0 of 
gestation. Total RNA waa isolated essentially by the method of liu 
ataL (12) from pooled individuals of at ltaot 2 litters for each age. 

Construction and Screening of a Rat Uxor cDNA Library— Liver 
poly(A)* RNA from roto treated with AlA waa used to construct a 
cDNA library. Doubls-strondsd cDNA was synthesized by the pro- 
ceduro of Gubler and Hoffman (13), and DNA greater than 1600 bp 
vraa annealed with dG-taOsd /tal-digested pBR322 and transformed 
Into Escherichia coti MC1CS1. Recombinant plasmids were ccreoned 
with d mixture of ™P luck-translated proheo comprising the four Potl 
inserts from the chicken 6-ajmnolevulinate synthase done, plOSBl 
(9). 

The done plOlBl was sequenced by digestion of plasmid with 
either HpaH Pali. SouSAl, or Tool end fragments sequenced by the 
method of Sanger et aL (14). 

Anatyoio of RNA — Total RNA was isolated from rot tissues by the 
guanidine hydrochloride extraction procedure of Breaker et aL (16). 
PalyiA)* mRNA wan prepared by oligo(dT)«ceDulose chromatogro- 
pby. 

For Northern blot analysis, RNA waa electrophoresed in 1.0% 
agarose gels containing 1.1 M formaldehyde as described (11). RNA 
was transferred to mtrocelhilose filters (BA85 from Schleicher & 
Schuell) and hybridised to the T nick-translated rat 6-ominolevuli- 
nate oyathase cDNA done plOlBl (10 ng/ml) in a solution containing 
60% formomids, 6 x SSPE (0.9 B NaCl, 60 mM sodium phosphate 
buffer, pH 7.0, 5 m« EDTA), 6 X Denhardt*o (0.04% FicoU, 0.04% 
polyvinyipyrrolidone, 004% bovine esrum albumin), 0.1% SDS, 0.6% 
oodium pyrophosphate, and 200 Mg/ml denatured salmon sperm DNA 
st42 'C for 20 h. Filters were washed finally in 0.1 X SSPE containing 
0.1% SDS ot 60 'C for 40 min. For low otringency conditions filters 
were hybridised as above and washed in a solution containing 2 X 
SSPE and 0.1% SDS at 60 *C for 40 min. Molecular sise markers 
consisted of DNA fragmento generated by AocI digestion of pBR322. 

RNA was denatured and bound to nitrocellulose filters using either 
s olot or dot blot apparatus (Schleicher & Schuell). Hybridization 
conditions were as described above. The amounts of RNA in Northern 
and slot biota were qunntitoted using an LKB laser densitometer. 

Primer extension analysio uoiag poly(A)* RNA from different rat 
tissues and 6'- a *P-labaled synthetic primers complementary to the 
coding strand of plOlBl was carried out according to the method of 
McKnight at aL (16). The extended products were analyzed by elec- 
trophoresis on 8 m urea, 6% poryacrylamide gelo with a dideoxy 
sequence ladder of K913 bacteriophage DNA as sizo standards or "P- 
labe led Spall fragments from pBR322. 

RNwx Mapping— The three Potl restriction fragments of plOlBl 
(ess Fig. 6) were individually suctioned into Pvtl cut pGEKM vector 
(Promego Biotech). Two probes, A and E, contained the 6' and 3' 
Pstl fragmento of plOlBl, respectively (see Fig. 6). The plasmid 
containing the largest Potl fragment of plOlBl was further digested 
with appropriate restriction enzymes to generate three subclones of 
suitable size for RNose mapping; restriction enzyme removal of a 
BcmHl fragment (one BomHl site in polylinker) generated a done 
for the protection of o 364 -bp BamH\-Pat\ fragment (probe D). 
Digestion of the plasmid with BglU and Hindlll (polyiinher site) 
allowed the rsligation of o dons for the protection of s 631 -bp Potl- 
flff/Jl fragment (probe B). Probe C was generated by directionalry 
cloning the 699-bp BamHl/Scll fragment into a BamHL/Sall cut 
pCEMl vector. 

RNA probes uniformly labeled with [**P]UTP were generated in 
vitro from the five recombinant pGEM plasmids using either T7 or 
SP6 polymerase ao described (11). Specific activities of about 10° 
cpm/pg RNA were routinely obtained Full-length transcripts were 
isolated on o 6% polyacrylaroide sequencing gel and eluted in 600 mM 
ammonium acetate, 1 mM EDTA. 0.5% SDS for 3-6 h at 37 *C 
RNose mapping using RNace A and Tl was carried out as described 
previously (11) and protected fragments analyzed following electro- 



phoresis on s 6% poryacrylamide sequencing gel and autoradiography. 

Nuclear Transcription Assays — Nuclei were isolated from rat liver 
as described by Schibler et ol (17). The transcription reactions 
contained 100 mM Tris-HCl pH 7.0, 60 mM NaCl. 6 mM MgO* L6 
mM MnCU. 0.4 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 
1.2 mM dithiothreitoU 30% glycerol, 2 M * UTP. 1 mM each of ATP, 
CTP, and OTP, 100 ad of [a-^PJUTP, and 1.5 X 10' nuclei in o 
final volume of 160 aL Thooo were incubated at 26 *C for 16 min. and 
**P-labeted RNA woo extracted as dsccribod by Vannios et at (18). 
Rats were induced with AlA for 4 h, When 6-ami nolevu linnt e was 
administered, it was injected 10 h prior to AlA treatment and the 
nuclei prepared 4 b later. For quantitation of specific transcripts, 6 
fig of tho appropriate cloned DMAs (double-ctrandsd DNA from the 
chicken serum albumin and 0-actin cDNA clones or single-stranded 
DNA from an M13 phage clone containing the 1.7-hb -Pstl fragment 
of plOlBl) were denatured and applied to a nitrocellulose filter using 
a slot blot apparatus. Filters were prehybridised in 1 ml of 60% 
formamids, 6 X SSC, 10 mM Tris-HCl, pH 7.8, 1 mM EDTA, 0.1% 
sodium pyrophosphate, 0.1% SDS, 100 eg/ml K coti tRNA, and 0.2% 
each of FicoU, polyvinylpyrrolidone, ond bovine serum albumin et 
62 *C overnight. Hybridization waa carried out in the same solution 
with 2 X 10* cpm of "P-labaled RNA for 72 h at 62 "C Filters wore 
washed twice at room temperature for 30 min in 2 X SSC, 0.1% SDS, 
0.1% sodium pyrophosphate and then twice in 0.5 X SSC, 0.1% SDS, 
0.1% codfum pyrophosphate ot 66 *C for 60 min. The hyb ri diz at ion 
signals were quantitated by laser denaKometric ccanning. 

RESULTS 

Isolation of Rat Liver 5-Aminolevulinate Synthase cDNA 
Clones— A cDNA library was constructed using poly (A)* RNA 
from livers of rats induced with the porphyrinogen* drug 
AlA. Sire-selected double-stranded cDNA was used to con- 
struct a library of 4800 recombinant clones which were 
screened using a mixture of "P-labeled cDNA probes prepared 
from the four Pstl fragments of a previously isolated chicken 
liver 5-aminolevulinate synthase cDNA clone (9). Four clones 
gave positive hybridisation signals, and the largest of these, 
plOlBl, was sequenced. The sequence contained an open 
reading frame of 1929 nucleotides from nucleotides 17 to 1945 
giving a predicted protein of 642 amino acids (Fig. 1). The 
sequence of the first 15 N -terminal amino acids of mature 5- 
aminolevuUnate synthase purified from the mitochondria of 
drug-induced rat liver (19) was determined and shown to be 
identical to that deduced from the nucleotide sequence of 
plOlBl from position 185 to 229. This shows that the gluts- 
mine (at nucleotide 185) is the N -terminal amino add of the 
mature protein. Upstream from this codon there are three in* 
frame d(ATG) codons. The d(ATG) codoo at nucleotide 17 is 
assumed to be the initiation codon since it would result in the 
translation of a 5-aminolevulinate synthase precursor with a 
presequence of size 6 kDa in agreement with the size estimated 
from previous otudieo (19). 

Hie deduced protein sequence of rat liver 6-anrinolevulinate 
synthase precursor was compared with that of chicken (9) and 
mouse (7). The sequence of rat precursor was very similar to 
that of chicken, both in the N-tenninol presequence (55 amino 
acids) and over most of the mature protein sequence. Surpris- 
ingly, the ret protein sequence showed less overall homology 
to the mouse enzyme, and indeed no homology existed within 
the presequence segments. 

Northern Analysis of 5- A minolevulinate Synthase mRNA — 
The size of 5-aminolevulinate synthase mRNA in different 
rat tissues was determined by Northern blot analysis. Total 
RNA was isolated from the liver, kidney, brain, and testis of 
untreated rats. Tissues were also examined following treat- 
ments which are known to elevate 5-aminolevulinate synthase 
activity levels; for this total RNA was isolated from AlA* 
treated rat liver and kidney, HCG -treated rat testis, and 
spleen of rats rendered anemic by phenylhydraxine treatment. 

The RNA samples were fractionated on a formaldehyde 
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agaroee-denaturing gel and probed with "P-labeled plOlBl. 
In all tissues, only a single 5-ammolevulinate synthase mRNA 
species was detected, estimated to be 2J$ kb in length (Fig. 2). 
In some tracks, very faint extra bands were visible and were 
probably due to ribosomal RNA. The results therefore show 
that there is no difference in size between 6-aminolevulinate 
synthase mRNA from either untreated or induced rat tissues. 

It was also of interest to determine the 6-aminolevulinate 
synthase mRNA during fetal development A single 6 -ami- 
nolevulinate synthase mRNA species (2.3 kb in length) was 
detected at day 14 of gestation when the liver is largely 
erythroid in nature (20) through to the adult stage (Fig. 3). 
The level of mRNA peaked prior to birth at gestation days 20 
and 21. This level then declined significantly at birth and in 
the adult had returned to the level seen prior to birth. 

Primer Extension and RNase Mapping Studies of 5~Ami- 
nolevulinate Synthase mRNA from Rat Tissues— Further 
studies were carried out to determine whether 5- aminolevu- 
linate synthase mRNA was identical in different tissues of 
rat. Of particular interest was the relationship of the noner- 
ythroid to erythroid mRNA in view of the proposal that these 
mRNAs are distinct in the chicken (6). A 5' -y- n F- labeled 23- 
nucleotide oligomer complementary to the coding sequence of 
plOlBl from nucleotides 17 to 40 (Fig. 1) was used in a primer 
extension reaction on po]y(A)* RNA isolated from tissues of 
untreated and treated rats (see legend to Fig. 4). With all 



mRNA samples, two bands, 144 and 147 nucleotides in length, 
were seen following electrophoresis of the extension products 
and detection by autoradiography (Fig. 4). Such doublets have 
been observed previously and may be due to 
reverse transcriptase reaction (21) or to initiation of mRNA 
synthesis at an alternative nucleotide. A second set of primer 
extension reactions was performed using a primer comple- 
mentary to a sequence in the 6 '-untranslated region of plOlBl 
from nucleotides 3 to 26. The rationale for this was that 
different mRNAs in different tissues may be homologous in 
their coding sequences but different in the 6' -untranslated 
region. With all tissues a doublet was observed with bands 
108 and 111 nucleotides in length (result not shown). The 
results suggest that the 6 '-untranslated region of the 6-ami- 
nolevulinate synthase mRNA from different tissues U the 



As indicated earlier, the 6 '-untranslated region of plOlBl 
is 16 nucleotides in length. The primer extension analysis 
indicates that in the mRNA, this region is 100 or 103 nucleo- 
tides in length, and plOlBl is, therefore, 84 or 87 nudeotidea 
short of being full-length. 

For RNase mapping experiments, five [ a- **P)UTP- Labeled 
RNA probes complementary to rat hepatic 6-aminolevulinate 
synthase mRNA were synthesized by in vitro transcription of 
pGEM-1 plasm ids containing appropriate restriction frag- 
ments of plOlBl (see Fig. 6). The probe sequences (4-J5) 
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Fio> 2- Northern blot analysia of 5-amInclevulInate ayn- 
thase mRNA in rat tlm«. Total RNA from tisauea of untreated 
or treated rati was ©lectrophoreaed on a formaldehyde/agan»e gel 
and .hybridized to riick-tranaUtedplOlBl. Molecular size markers 
consisted of DNA fragmente generated by Act! digestion of pBR322. 
The portions of rRNA marker* are shown. Urn* 1, erythroid apleen 
(50 *g); (one 2, brain (60 *gh -ion**, teetia <20 Mg); fa/* testis 
(HCG-treated rat) (10 *g); lone 5, heart ttOjffg); ionefc\ heart (AU- 
treated ret) (20 tone 7, kidney (AlA-treated rat) (20 *g); lone «, 
kidney (60 Zone 9, liver (6 pgVfafte JO, liver (AIA-fceated rat) (6 
*»«). 
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PlC. S. Developmental profile of 5*amlnolevnlinste (ALV) 
synthase mHNA. Total RK A \(lp «j ) from rat liver at various etagea 
of development was resolved on a formaldehyde/agarbse get and 
hybridued to oick-tran-Uted plOlBl. The aire of the mRNA was 
estimated sa in Tig. 3, and mRNA levels were quantitatad from the 
Northern blot by c> cytometric scanning and anown as bar, graph*. 
Loadings of RNA were shown to be uniform by. ethidium bromide 
staining of the gel G, gestation day; D t day following birth; AD, adult, 
. 12 weeks; • r • 

complementary to the mRNA were 73, 631, 699, 364, and 210; 
nucleotides iii length, respectively, and spanned the entire 
mRNA except for 83 nucleotides not: present in the cDNA 
clone at the extreme 6' -end and 90 nucleotides between. the 
Bg\\\ and Soil sites (see Fig. 5). Pofy(A)* rWA^plw were 
hybridized to these probes, and nonhybridiied RNA was 
digested with RNase A and Tl; The protected radiolabeled 
fragments were resolved on a 5% polyacrylamide sequencing 
geL 




4. primer extension analysis of 5-aanrwtevuliriate 
eynthaae mRNA in various rat tiswuei. A cnemfrally j^thasised : 
23-nuckotide oligomer wu 5'-pboepborylat«l with : [7-^ATP end 
used to primer extend on poly (A)* RNA from untreated ret liver (10 
iig) (lane 2); brain (60 #ig) (Jane** heart XlO i*Mfcne ;0;erytfirnid 
■plMO (50 p%) {lane 7); AlA-treatad mt liver (6>g) ^iane /); kidney 
(10 0g>' (ion* 5); HCG-treated rat testis,. (10 V*> Ptpdnbta. 
were analyzed on an 8 M urea, 6% polyaciytamide ga .witt]^ 1 '4a))e^d^ 
HpaU fragment* from pBR322 a* size standards: Bands A and B are 
147 and 144 nucleotide* in length, resp«*^. Ntt; m 

" ' ' -' Y ' ' " -, ' &r. ■ 
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Forliver and erythroid imieari^ 
were employed. Fragments 
products for each probe were observed, e 
mRNAs are very likely i6^ritic^NM^ln^g^$; 
spans the 3'-boncoding end/df the liver m 
bands smaller tfuiri: the expected of 210 

nucleotides (Fig: 5). Mese 
by heterogeneity in^;kr^^ 

liver rnRLNA*: In other ' ■f^pn^m^^m^^^-^^' 

_ _^ci|^^aiid ■ from 
'^^l^ect^the- 



with mRNA -from \\^f; t W^Wm$. 
untreated rats, from kidney of °XLA3 
testis of t HCXr^treal^ 



631^deolide?freg^^ 

i <resulte :r^ slr6wn>< Ini^ to- 
gether with Nbr4h^^|fib^B^^riD^ 
provides romr^Uini'^ 

iriRNA is ideritical^rnW " !: : 

mRNA in Rat TWues^-TotaJ RNA was isolate from tissues 
of untreated rats, and &-aminolevuUnate synthase mRNA 
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FlO; 5. RNase mapping of rat 
liver and erythroid spleen 5-ami- 
nolevulinate synthase mRNA. The 
cDNA clone, plOlBi, is represented in 
the upper part of the figure with the 
coding and - noneotfing regions depicted 
as heavy and light tines, respectively. The 
double-headed arrow* below show the re* 
latkmahip of the RNA probe* A-B to 
plOlBi. "P-Labeled RNA probes were 
hybridised toUpgof pory<A)* RNA 
from AIA-induced liver (lane 3) or erytn? 
roid spleen (ion* **) and incu b a ted with 
RNase A and Tl. Probes i nc ub at ed in 
the absence ofpo)y(A)* RNA were either 
untreated (bate 1) or treated (lane 2) 
with RNase A and Tl. Protected frag- 
taente were analysed by electrophoresis 
and autoradiography as: described under 
"Experimental Procedures.* The num- 
bers displayed to the right of. panel B 
correspond to the expected nucleotide 
lengths of the protected fragments, nxs. 
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FIO. 6. Measurement of basal 5-aminolevulinate (ALV) 
synthase mRNA levels in rot tissues. Total RNA (10 ag) from 
tissues of untreated rats was applied as slots on nitrocellulose and 
hybridised to the mch-taanalated P*tl inserts of plplfil. 6-Aminolev- 
uUnate synthase mRNA levels were quantitated by densimmetric 
scanning and shown as bar graphs. Lane 2, liver; lane 2, kidney; fane 
S, heart; tone tf, brain; lane 6, testis. 

amounts were quantitated. As can be seen in Fig. 6, the heart 
has the highest level of 6-eminolevulinate synthase mRNA, 
slightly above that of the liver, while in kidney, brain, and 
testis there is approximately half this level 

Effect of Hemin and S-Aminolevidinate on 5- A minolevuli- 
nate Synthase mRNA Levels in Untreated and Drug-treated 
Hots— The effect of hemin on liver 5-aminolevulinate syn- 
thase mRNA levels was first examined. Fig. 7 shows that 
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Fig. 7. Effect of hemin on 5-aminolevnlinate (ALV) syn- 
thase mRNA levels in rat liver. Total RNA was isolated from rat 
liver 2 h after admiiiistration of AIA, hemin, or both. Amounta of 
total RNA (5-20 |ig) were applied as dots on nitrocellulose and 
hybridized to the nick-translated Pstl inserts of plOlBi, mRNA 
levels were quantitated by densitometric scanning. Lane A> AIA 
treated; lane B, AIA and hemin treated; lane C. untreated; lane <D t 
hemin treated. 
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Fio. 8. Measurement of Cazninolevnlinate <AZ,V) synthase mRNA levels in rat tisanes after 5- 
amlpo Urva Ua ate treatment. Total RNA (10 m) from tissues 12 h after a dmini tt r atkw of AIA or-5-enxnolevu- 
linate and from teatia after HCG administration was applied as atott on nitrocelhilofle and hybridized to the nick- 
transUted Part inserts of plOlBl. mRNA level* were quantitated by denaitometrk scanning and shown ai bar 
graphs. Panel A, liver, panel B, kidney; panel C, heart; panel D. erythroid spleen; panel E, brauj; panel F. taatis. 
Lone 1, untreated; W 2, AIA treated; lane 3, 6-aminolevulinate treated; fane 4\ AIA and 6-aminolevuunaU treated; 
Jane o, 6Huninokvulinete-methy] ester treated; lane b, HCG treated; lane e, BOG and 6-aminolevullnate treated. 



treatment of rata with the drug AIA over a 2-h period in- 
creased the level of 6-aminolevulinate synthase mRNA (rig. 
7, A and C). Administration of hem in either to drug-treated 
or untreated rata reduced the level of 5-Aminolevulinate syn- 
thase mRNA to below that of basal levels (Pig. 7, B and D). 

In similar studies it was found that heroin had no effect on 
the mRNA level in the extrahepatic tissues investigated (date 
not shown). It was possible, however, that injected hemin was 
not reaching or not entering the cells of these tissues. Ander- 
son et at (22) has reported that administered 5-aminolevuli- 
nate is taken up by many tissues, and converted rapidly to 
heme. The effect of 6-aminolevulinate on 5-aminolevulinste 
synthase mRNA levels in different rat tissues was, therefore, 
studied in both normal and drug-treated animals. Of the 
tissues studied only liver and kidney showed induction by 
AIA; 6-aminolevulinate administration completely prevented 
the increase in mRNA levels in both tissues (Fig. 8, panels A 
and B). Similarly, basal levels of 6-aminolevulinate synthase 
mRNA in the liver, kidney, heart, and testis were reduced by 
6-aminolevulinate to low levels (Fig. 8). In the case of brain, 
5-aminolevulinate bad no effect, but the methyl ester deriva- 
tive of 6-aminolevulinate significantly reduced the mRNA 
level (Fig. 8, panel E) presumably because this compound can 
readily cross the blood-brain barrier. Erythroid spleen was an 
exception with 6-aminolevulinate treatment resulting in an 
increase in 6-aroinolevulihate synthase mRNA levels (Fig. 8, 
panel D). 



• In other experiments, it was shown that 5-aminolevulinate 
prevented the HCG induction of 6-ejninolevulinate synthase 
mRNA in the testis (Fig. f^pantdF)^ 

In all the experiments described here the level of 0-actin 
mRNA in the tissues waa quantitated (see Fig. 8, but not 
shown graphically) and was found to he essentially unchanged 
indicating that the response of 6-ammolevulinate synthase 
mRNA levels to AIA, HCG, or 6-aminolevulinate did not 
reflect s general cellular event We also measured 6-eminolev- 
ulinate synthase activity in homogenates of all tissues exam- 
ined above, and the amounts detected correlated closely with 
the changes observed in 5-aminolevulinate synthase mRNA 
levels (results not shown). 

Hemin Acta at the Transcriptional Level in the liuer—The 
experiments described above show that in different tissues 
AIA and heme regulate the levels of 6-aminolevulinafe syn- 
thase mRNA. We investigated whether, in liver, this reflected 
transcriptional control Rat livers were removed, nuclei iso- 
lated, and gene transcription activities quantitated In this in 
vitro system, it was established that incorporation by the 
nuclei of [a-^PJUTP into total RNA was linear for at least 
30 min, and the extent of incorporation was similar in nuclei 
from untreated rate and rats treated with AIA, 6-aminolevu- 
linate, or both. Additionally, a-amanitin (2 jig/ml) in the 
reaction mixture inhibited total RNA synthesis by about 40% 
and completely inhibited the synthesis of specific transcripts. 
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question ever since. It was originally postulated that heme 
and drugs compete for a site on a gene-controlling protein. 
This was rendered improbable by the work of Srivastava et 
at (23) who showed that heme repression appeared to be the 
Bole control and that drug induction was probably a secondary 
consequence of heme removal (reviewed in Ref. 1). Since the 
original postulate, it has been variously claimed that heme, 
works at the translational and transcriptional level, and con- 
siderable confusion has existed (1). This was, in part, due to 
studies being done, at the enzymic level and to the complica- 
tion that hemin prevents entry of newly ■ynthesixed 6-ami- 
pote vulinat e synthase into the Tnitochondrion (1). 

In this work we; have studied 5-armnolev\ilinate synthase 
control at the raRNA level To this end a cDNA clone for rat 
liver 6-aminoievulinate synthase has been, isolated and se- 
quenced, thing probes derived from this, control of 5-amino- 
levulinate synthase mRNA. in various rat tissues has. been 
examined. 

The first question investigated was whether there exists in 
rata single mRNA for 5-aminolevulinate synthase or a mul- 
tiplicity of them. This question arises from the suggestion 
that a family of 5-ammolevulinate synthase genes exists in 
chicken (6). The results here give compelling .evidence that 
the 6-aimnolevuliriete synthase mRNA in all rat tissues ex- 
amined ia the same and that only a single species exists. This 
is in keeping with our recent conclusion that the erythroid 5- 
aminolevuimate synt^ the same 

gene as that in the liver (11). The work also shows that the 
rat liver o^anunolevulinate -synthase mRNA present during 
fetal development is indistbguisnable on Northern blots from 
the adult form. 

Although drug induction of B-aminolevulinate synthase in 
liver is well known, the inohidbaity m other tissues has not 
been well documented. We show here that 6-aminolevuh^ 
synthase mRNA is induced by AIA only; in, the liver and 

:>bir results ^MM^^atJ^A aloneforl*^ ^f^f^^^ 

wur ramus www ^^^W*:^!"^*- :'■ barbtoKn^cmle cytoc^^ 

resulted n a 1^^^^ 
5-ammolevuhrmte synthaw^ 
witb'a 7-fold increase m h^^S^snunpl.e 
mRNA levels ' - ^ ^ 

The effect 
of the 5-aminolevulinate 




A B CD ABC 
ALBUMIN B-ACT1N 

Fia 9. Effect of cVaminc4e*vnlinate on 6-ajnmokrvxillnate 
(ALV) synthase «ene transcription. Rata ware treated with AIA. 
for 4 b. 5* Aininobvulinate was aAniniatered 10 b prior to AIA* and 
j^PJWA eobaeqiientbf was boleted fxom rat Dyer nuclei ai»d hybrid- 
ized to TutroDui^ ClteSbc^ cloned DNA. Tranacription rates 
o^iastn^ted,fit7in theelot biota by dehsitoaetric acanniog and 
dentitieama as bar.grqpha after correction for 

the ^appropriate ve<^nackground controla, A, untreated rata; B, AIA 
tree^ C> £aminoieyu^^ 

treated VDWA^ckmes:irJa^«V;l;■■ 6raimncJevulmate ayntbaaa; ioiw * 
MltopiS; tine 3 t chicken- 0acShTfane; 4, chicken aerom ..albumin; 




ultnate synthase gene (Fig. :9). Abbninist ration of ip ^UOTi jo tt jyf-. 
ulinate to AlA-treated rats prevented the- dnig-induced in- 
crease in the rate of gene transcriptipn (Fig. 0). A correspond*, 
ing reduction in the level of hepatic 5-ammoleyulinate syn- 
thase mRNA was observed (Fig; 8, panel A). TruxKighout this 
worm, the tranBcrrptional rate of the serum albumin gene, 
measured as a control was unchanged although that of the 0- 
actin gene was slightly elevated by either AIA or 5-aminolev- 
ulinate treatment (Fig. 9). The reason for the latter, is un- 
known. Other control experiments established that the pres- 
ence of 5-aminolevulinate (50 mm) or hemin (0.01-10 nM) in 
the transcription reaction bad no effect on any of the genes 
under test. Overall, these results demonstrate that in the liver, 
AIA and 5-aminolevulinate treatment modulates 5-aminolev- 
ulinate synthase mRNA levels by altering the rate of gene 
transcription. 

DISCUSSION 

The early work of Granick (3) established that in chick 
embryos drug inducibility of hepatic b-aminolevulinate syn- 
thase activity is prevented by the simultaneous administration 
of heme. The mechanism of this has remained a central 



$etBtte3% has not 

' r^fo^dy i^ whgtnj^hBjne controls the basal 
>1^3-o£o^ only the drug- 

stirnniatid ■ increase and also whether this heme control is 
cbrifined to liver; The results in this paper establish that heme 
repression : pT ^5-annnolevulinate eynthase mRNA levels occurs 
in all rat tissues studied, with the exception of erythroid 
Bpleen, with both basal and induced levels being afTected In 
erythroid spleen the level of 5-arinnolevulinate synthase 
mRNA was elevated. Possibly this is indirectly due to the 
induction of heme oxygenase (25). A reservation in this work 
is that possibly for cell permeability reasons, administered 
hemin affects only liver 5-aminolevulinate synthase mRNA 
levels. However, administered 6-aminolevulinate (or its 
methyl ester in the case of brain) lowers the 5-aminolevulinate 
synthase mRNA level in all tissues except spleen. It seems 
most probable that repression by heme is being observed since 
there is no evidence that 5-ajninolevulinate itself has a regu- 
latory role, and it is known that injected 5-aminolevulinate is 
rapidly converted to heme in many tissues (22). 

* G* Srivastava. unpublished data. 
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A final question concerns the level at which heme control 
is exerted We have conclusively established that in liver, 
heme regulates 5-aunnolevulinate synthase tnRNA levels by 
acting predominantly, if not exclusively, to inhibit transcrip- 
tion of the 5-aminolevulinate synthase gene. 

This work places the 5-aminolevulinate synthase gene in a 
small group of animal genes (26, 27) known to be negatively 
controlled by a metabolic end product. The molecular basis 
for the regulation of the 5-aminolevulinate synthase gene is 
an important problem to be investigated. 
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